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Abstract
This work proposes a generic methodology to evaluate the feasibility of designing a MEMS resonator-based Pierce
oscillator according to any given CMOS technology with the constraint of using only one single active transistor. This
approach, applied to the case of a capacitive doubly-clamped beam resonator used in its in-plane fundamental vibration
mode, is validated by simulations using a 0.13μm CMOS technology.
1. Introduction
MEMS oscillators can be used in various applications such as RF clock sources or mass sensors. They are gen-
erally composed of a MEMS resonator and a sustaining electronics. Both can be monolithically implemented on the
same die in order to build ultra-compact oscillators with enhanced phase noise and simple electronics [1, 2, 3]. Usu-
ally, MEMS applications require devices with a high resonant frequency, consequently they often have a low signal
gain. In order to meet the requirements of self-oscillation conditions, the sustaining electronic must achieve high gain
and bandwidth. Our study addresses the amplification capability of a co-integrated Pierce oscillator [4]: the paper
presents an analytical formula expressing the maximum achievable transimpedance gain as a function of the techno-
logical parameters of a MOS Berkeley level 1 model. Finally the theoretical amplification capability of a sustaining
electronics coupled to a capacitive MEMS is illustrated.
2. Model of the mechanical resonator
The MEMS actuation scheme converts the input voltage vact into a force that is exerced on the MEMS beam (fig.
1), which acts like a bandpass filter converting this force into a mechanical motion. The detection scheme converts the
beam motion into a current imems. The resonator can be electrically described as a transconductance with a bandpass
filter behaviour. The transfer function of the MEMS HM has the following expression:
HM =
imems
vact
=
j ffrQ × gmems
1 + j ffrQ −
(
f
fr
)2 , (1)
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Figure 1: Block diagram of the oscillator
where f is the frequency of vact, fr is the resonant frequency of the MEMS, gmems is the MEMS transduction gain at
f = fr (the quality factor Q is typically in the range of 1000).
To create oscillations, the open-loop transfer function HOL = HN × He (where He is the transfert function of the
electronics) must respect the Barkausen conditions:
|HOL| > 1 and arg (HOL) ≡ 0 [2π] . (2)
Therefore, the electronic circuit must have a transimpedance gain of |He| > 1/gmems with no phase-shift. If however,
the electronics introduces a phase-shift ψe, then the MEMS will oscillate (if the total gain is still suﬃsant) at a
frequency diﬀerent from fr and the MEMS eﬀective gain GM will be decreased. GM can be determined from the
resonance gain gmems and from the MEMS phase-shift ψM with a first order Taylor’s expansion around fr [3]:
GM = gmems
⎛⎜⎜⎜⎜⎝1 − ψ2M2
⎞⎟⎟⎟⎟⎠ = gmems (1 − ψ2e2
)
. (3)
Equation (3) holds because equation (2) implies that the ψM + ψe = 0.
3. Description of the sustaining electronics
Figure 2 shows the schematic of the sustaining electronic and its small signal equivalent circuit. Cp is the
NEMS/CMOS connexion shunt capacitance: Cp ≈ 5 f F. ZP5 is the impedance of MA’s gate biasing. CgdA and gm are
respectively the Gate-Drain capacitance and the transconductance ofMA. gdsA and gdsP are respectively the output con-
ductance of MA and MP. Cin is the sum of Cp and the Gate-Source capacitanceCgsA of MA. Cout = Cload +CdbA+CdbP
where CdbA and CdbP are respectively the Drain-Bulk capacitance of MA and MP.
The resonator output current imems is converted into a voltage vg through ZP and Cin. The active transistor MA
converts and amplifiers vg into a current that is converted back into a voltage through Cout. If the eﬀect of CgdA, gdsA,
gdsP and ZP are negligible, the electronic circuit has the following transfer function:
R0 =
vout
imems
=
gm
(2π f )2CinCout
≈ gm
(2π f )2CpCload
, (4)
where f is the frequency of imems. The electronic circuit respects the oscillations conditions defined in section (2)
because arg (R0) = 0. Nevertheless, it is in pratice impossible to completly neglect the eﬀect of CgaA, gdsA, gdsP and
ZP. It might also be interesting to relax the constraints on the previously mentionned parameters in order to achieve a
higher transimpedance gain.
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Figure 2: Transimpedance amplifier schematic with its equivalent small signal schematic
4. Maximum transimpedance gain
We assume in this study that the eﬀect of MP can be negligible (i.e. gdsP  gdsA, CdbP  Cload) and that:
Zp  12π fCgdA , Zp 
Cout
Cin
1
gdsA + gdsP
, CgdA  CgsA  Cin  Cout, CdbA  Cload, gm  2π fCgdA. (5)
Note that the value of Cload can be decreased in order to compensate the value of CdbA + CdbP. With the previous
consideration, the expression of the electronic transfer function He is given in following equation (6):
He = R0
1
1 + j2π f R0
(
CgdA −Cp/A0
) , (6)
where R0 is the ideal transimpedance gain defined in equation (4) and A0 = gm/gdsA is the amplification gain of the
MA transistor.
The phase introduced by this circuit is ψe = − arctan
(
2π f R0
(
CgdA −Cp/A0
))
and the transimpedance gain is
|He| = R0/
√
1 +
(
2π f R0
(
CgdA −Cp/A0
))2
. By operating a Taylor’s expansion on |He| and ψe, one can find that
|He| = R0
(
1 − ψ2e/2
)
. In other words, ψe not only introduces a MEMS gain reduction (see equation (3)) but also a
circuit gain reduction. A normalized transimpedance gain that takes into account the MEMS gain reduction can be
defined as: Re = R0
(
1 − ψ2e
)
. Using the Berkeley level 1 model [5] applied to the MA transistor:
gm = 2K
′
n
W
L
(
Vgs − VT
)
gdsA =
K′n
VE
W
L
(
Vgs − VT
)2
CgdA = Cgd0W, (7)
where W, L are respectively the width and length of MA, the expression of Re can then be expressed in terms of W
and L:
Re =
2K′n
W
L
(
Vgs − VT
)
(2π f )2CpCload
⎡⎢⎢⎢⎢⎢⎢⎣1 − 2K′n WL
(
Vgs − VT
)
2π fCpCload
⎛⎜⎜⎜⎜⎜⎜⎝Cgd0W − Cp
(
Vgs − VT
)
2LVE
⎞⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎥⎦ . (8)
By optimizing Re (i.e.
∂Re
∂W =
∂Re
∂L = 0), one can find the following expression of Wopt, Lopt and Re−opt:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
Wopt = 3
√
2π fCloadC2p
4K′nC2gd0VE
Lopt = 1Vgs−VT
3
√
2K′nCp
2π fCloadCgd0VE
Re−opt = 38
3
√
2K′nVE
(2π f )4C2pCloadCgd0
. (9)
The evolution of Re−opt is depicted in fig. 3(a). The numerical results provided by equation (9) are confirmed by SPICE
simulations performed with the HCMOS9 design kit from STMicroelectronics (note that the transistors dimensions
are diﬀerent for each operating frequency and therefore for each SPICE simulations as given in (9)).
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Figure 3: (a) Comparaison between the analytical formula (9) and SPICE simulations, (b) Evolution of the oscillator open-loop gain for a MEMS
with diﬀerent beam’s length
5. Illustration: limits of a Pierce oscillator with a capacitive MEMS
Let us consider a capacitive MEMS with the dimensions given in figure 1. The length of the beam varies and
determines its resonant frequency. Based on [4], fr and gmems have the following expression:
fr =
1
2π
√
Eλ4
12ρ
w
l2
gmems =
√
12ε40
Eρ
η
λ2
QV2B
l3h
w2g4
, (10)
where E and ρ are respectively the Young modulus and density of the silicon, ε0 is the dielectric permitivity of the air,
λ ≈ 4.73 and η ≈ 0.69 are constants that depend on the boundaries, the normalization conditions and the excitation
excitation mode. From the sections 2 and 4, self-sustained close-loop oscillations will start if:
(
gmems × Re−opt
)
> 1.
The maximum MEMS resonant frequency can be determined by studying the evolution of
(
gmems × Re−opt
)
versus the
MEMS length (fig. 4): the maximum resonance frequency is about 12MHz corresponding to a minimal beam length
of 13μm. Note that these results strongly depend on the dimensions of the resonator and the beam polarization voltage
(e.g. higher fr can be obtained by increasing VB or reducing w).
6. Conclusion
In this paper, the design of an single active transistor-based oscillator has been described. Such a system has
the great advantage of employing a very simple electronic circuit what is of great interest with the perspective of
implementing arrays of MEMS oscillators.
The paper focuses on the design of the oscillator sustaining electronics and its limitations. A simple analytical
formula is provided to determine for a given MEMS resonantor the maximum transimpedance gain achievable by the
circuit. The formula only uses the technological parameter of a MOS Berkeley level 1 model. It can therefore also be
used to assess the performance of a CMOS process for Pierce oscillators applications.
Additionally, this paper presents the study of the maximum resonance frequency achievable to still meet the self-
oscillation conditions for a capacitively transduced MEMS resonator. In a further work, the circuit performance with
piezoresistive MEMS resonators will be analyzed.
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